The mechanical properties of artists' acrylic (latex) paint films containing different volume fractions of TiO 2 , CaCO 3 and kaolin were measured in uniaxial tension over a broad range of temperatures and crosshead speeds. Young's modulus results in the glassy region were first compared with several micromechanics theories for particle-filled composites containing elastic phases. It was found that the Mori-Tanaka theory slightly under-predicted the modulus enhancement, while the Lielens approach provided the most accurate results. A nonlinear viscoelastic material model involving a Prony series and the neo-Hookean hyperelastic function was used to represent the tensile data up to relatively small strains of a few percent. From the experimental data, the material model was calibrated and the required parameters were determined. The derived parameters were then used to re-construct relaxation modulus plots, which were compared with the approximations given by Clements and Mas for the viscoelastic Mori-Tanaka theory in the time-domain. It was found that the experimentally observed modulus enhancement was much stronger than the predicted values in the rubbery region. Mechanisms such as constrained polymer at the inorganic particle interface, and the possible formation of a percolation network are discussed.
Introduction
Since their commercial appearance in the early 1950's, latex paints have become increasingly common. Their properties are easily tailored to a variety of applications and the use of an aqueous carrier phase offers lower volatile organic compounds (VOCs) than oil-based products. The chemical durability, flexibility and low yellowing of acrylic copolymers have made them especially suitable as a binder for artist paints, which are the focus of this work.
The first acrylic paint formulations were comprised of a random copolymer of ethyl acrylate (EA) and methyl methacrylate (MMA). Early technical latexes for coatings (acrylic type) contained approximately 62-64% EA, 1-2% acrylic acid, with the remaining hardening monomer as MMA. The monomer ratio is important for achieving a copolymer with a glasstransition, T g , slightly below ambient temperature. This ensures proper film formation and optimal mechanical properties of the dried paint. The small acrylic acid component is included for latex stability, gloss, and pigment wetting [1] . During the 1980's, artist paint manufacturers began using n-butyl acrylate (nBA) monomers in place of EA [2] . The lower T g of poly(nBA) suggests that a slightly lower fraction of nBA is required compared to EA. It is also common for the molecular weight of the copolymer to be very large for coatings applications (~10 6 g/mol) [3] , which leads to a high-degree of entanglement in the matrix of a coalesced film.
Latex film formation has been widely investigated [4, 5] and is often described in several stages: (1) convergence of particles as water evaporates; (2) particle ordering and packing; and (3) inter-diffusion. Coating formulations contain many additives to achieve stability with suitable properties before and after coalescence. Common ingredients include surfactants, dispersants, thickeners, defoamers, biocides and a variety of other materials. Acrylic formulations typically require a large quantity of surfactant to disperse the small 1-2μm diameter latex particles in the aqueous carrier phase. After drying, the low molecular weight surfactants may migrate to the surfaces of the film or the inorganic particles. They can also become trapped at the surfaces of the latex particles and impede coalescence [6] . The ingredients of primary consideration in the forthcoming discussion are the polymeric binder and the inorganic particles since they contribute most significantly to the final film properties after drying.
An understanding of the tensile properties of paint films is important for manufacturers as they relate to general performance characteristics. This information is also valuable for museums and galleries where the response of paintings under different environments is of concern. Large amounts of energy are expended to maintain temperature and humidity conditions in museums, with limited material data available. Prior studies have investigated the properties of neat latex films [7] [8] [9] [10] and artists' acrylic paints [11] [12] [13] in tension. The present work provides a broader overview of the influencing parameters by using a common poly(nBA/MMA) binder in custom formulated latex paints. Factors under consideration include temperature, strain-rate, inorganic volume fraction, and particle geometry/orientation. The results from tensile data at small strains are also used to examine micromechanics theories above and below the glass-transition. A brief review of micromechanics models is given next for predicting the modulus enhancement of particle filled composites. This is followed by details of the experimental methods, and a discussion of the results in relation to theoretical predictions.
Micromechanics models
Numerous analytical models are available in the literature to describe the Young's modulus enhancement, E
where
The calculation in Equation 1 depends on the stiffness tensor of the matrix and filler (C f , C m ), the filler volume fraction (c f ), and the strain enhancement tensors (A, ˆ A ). These strain enhancement tensors are defined by the ratios
where ε f , ε m , ε are the average strains in the filler, matrix and composite respectively.
In the Mori-Tanaka method, Equations 1 and 2 are solved according to:
where I, E , and S m are the unity matrix, Eshelby tensor, and compliance tensor (S=C -1 ) respectively. Expressions for the components of Eshelby's tensor in terms of the matrix Poisson's ratio, ν m , and the aspect ratio, β, of spheroidal inclusions can be found in [18] . The aspect ratio is defined here as the length along the major axis of a spheroid divided by the diameter along the minor axis. Spheres, oblate spheroids and prolate spheroids correspond to β values of one, smaller than one and larger than one respectively.
More recently, Lielens [21] proposed a modified theory for improved accuracy at high filler fractions after noting that the Mori-Tanaka method under-predicts modulus enhancement in this region. The Lielens [14, 21] approach involves first determining the upper and lower bounds forˆ A by using the filler and matrix as the reference material in Eshelby's tensor. This gives
from which ˆ A is interpolated between the bounds as
The f L parameter is designed to weigh ˆ A strongly towards the lower bound at low volume fractions, and give preference to the upper bound at high volume fractions. Note that the
Experimental
Latex formulations based on a poly(butyl acrylate-co-methyl methacrylate) binder were provided by Golden Artist Colors. The resin was stated to have a T g of 16˚C; however, a value of 10˚C was measured by differential scanning calorimetry (DSC) [6] . It is expected that low molecular weight additives caused a slight depression of glass-transition temperature. The custom materials included a latex formulation with no inorganic particles present, and the same latex with high concentrations of TiO 2 (rutile), CaCO 3 Paint films were cast on thin polyester sheets one year in advance of testing to provide wellcoalesced films. The substrate was removed from the films one day prior to testing and specimens were cut to rectangular dimensions of 60mm x 6mm with thickness values in the range of 0.15-0.2 mm. Paper tabs were then bonded to the ends with a cyanoacrylate adhesive leaving a 40mm gauge length. The purpose of this step was to minimise slippage and reduce stress induced by the gripping pressure. The fully prepared specimens were placed overnight in small enclosures with silica gel buffering at 50% relative humidity (RH) to control equilibrium moisture content. An Instron (model 4301) universal testing machine fitted with an environmental enclosure [27] and a 100N load cell was used for tensile tests at five temperatures (-10, 0, 10, 20, and 30˚C) with relative humidity controlled at 50% for T≥10˚C. The tests were performed along the casting direction at constant crosshead speeds of 0.05, 0.5, 5, and 50mm/min for each temperature, giving a total of 20 test conditions for a single formulation. This set of experimental conditions was applied to the pure latex, three concentrations of TiO 2 , two concentrations of kaolin and a single concentration of CaCO 3 . Films with a larger range of volume fractions were tested in the glassy region (5mm/min at -10˚C) in order to compare modulus data with elastic micromechanics theories. The experiments were relatively fast in the glassy region; therefore, more samples were tested at the lowest temperature. In this latter set of experiments, the tensile tests were conducted across as well as along the casting direction in order to estimate the orientation of the particles in the films.
A stress relaxation experiment was also performed for the binder latex at 20˚C, 50%RH. The sample was extended at 5mm/min to a strain of 0.02, and the strain was subsequently held constant for a period of 10 minutes.
Due to the very large amount of tests that were performed, the strain was calculated from the displacement recorded directly from the tensile testing machine. The accuracy of this method was confirmed by performing a few tests at both the glassy and rubbery regions where the displacement was measured optically [27] .
Dynamic mechanical analysis (DMA) was performed with a TA Instruments model Q800. Experiments were run in tension mode at 1Hz with a preload of 0.1N, 0.1% dynamic strain and 125% force tracking (static/dynamic). Samples were at an increased age of four years and several 0.15mm thick specimens were prepared with a gauge length of 7.5mm and width of 6mm. Relative humidity was not controlled during these experiments; however, ambient conditions in the laboratory were at ~30%RH.
In order to compare modulus data with micromechanics theories it is necessary to determine the aspect ratio, β, of the inorganic particles and the elastic properties of each phase. Figure 1 shows scanning electron microscopy (SEM) images of each inorganic material. The TiO 2 particles are nearly spherical with a nominal diameter of ~300 nm. The image of kaolin shows a wide particle size distribution with an aspect ratio of the larger particles estimated as β≈0.1.
Calcium carbonate (aragonite) fibres in Figure 1c have an aspect ratio of approximately four (β=4). The mechanical properties of the three fillers were obtained from literature [28, 29] . Table 1 gives literature values for the bulk modulus, K, and shear modulus, μ, along with the calculated Young's modulus, E, and Poisson's ratio, ν, (assuming isotropy). The Young's modulus of the pure BA/MMA latex in the glassy region measured in this work at 5 mm/min, -10ºC (see Section 4) is also provided for comparison. It is apparent that a combination of any of the inorganic materials with the latex matrix will result in E f being about one to two orders of magnitude larger than E m . Finally, the Poisson's ratio of the matrix, ν m , was assumed to be 0.35 in the glassy region [30] and 0.5 (incompressible) in the rubbery region. Table 1 . Elastic constants for inorganic particles from Bass [29] and Wang et al [28] and experimental values for the glassy latex (E taken at -10˚C, 5mm/min).
a Elastic constants for inorganic particles from Bass [29] . b Elastic constants for inorganic particles from Wang et al. [28] .
Results and Discussion

Modulus Enhancement in the Glassy Region
In this section, the experimental results in the glassy region, i.e. data collected at 5mm/min, -10˚C, are presented with elastic micromechanics theories. In Figure 2a , the modulus enhancement is compared between filler types for the films tested in the longitudinal (along casting) and transverse (perpendicular to casting) directions. All moduli were calculated using the 0.5% secant rule since the stress-strain curves were highly non-linear and an initial straight portion was not clearly distinguishable over the range of test conditions. It is immediately apparent that the sample preparation method resulted in some alignment of the non-spherical particles. Films tested in both directions with TiO 2 and those in the transverse direction with CaCO 3 were similar and they showed the lowest modulus enhancement. The latter agrees with micromechanics models for aligned spheroid particles. It has been shown for these models that enhancement in directions normal to the major axis of aligned fibres is similar to that of spherical particles [31] . That is, the Young's modulus of a composite containing aligned fibres is relatively insensitive to aspect ratio in the transverse direction and a minimum value is obtained. The highest enhancement was observed for the films containing kaolin in the long direction, followed by films with kaolin (trans) and CaCO 3 (long). Figure 2b shows the TiO 2 data compared with several micromechanics theories that are applicable to spherical particles embedded in an elastic matrix. The Mori-Tanaka curve is slightly lower than the experimental values at moderate to high volume fractions, while the Halpin-Tsai equation is slightly high overall. The best fits for these data are observed by the Lielens model and the Nielsen equation, using a maximum packing fraction of φ m =0.74 for the latter. The Lielens model was also found to be the most accurate by Stapountzi et al [31] , based on studies on alumina trihydrate reinforced poly(methyl methacrylate) composites for volume fractions of 33 to 49%. The Lielens model is also compared to data from the films with kaolin and CaCO 3 since it is applicable for non-spherical particles. Figure 2c shows data from the latex films containing CaCO 3 plotted with the theory for unidirectional aligned particles, 2D random alignment, and 3D random alignment (Eq. 8). It is clear that the trans data agree very well with the E 22 values whereas the long data agree reasonably well with the predictions for 2D random orientation. This suggests that the particles are 2D randomised within a plane through the film thickness and longitudinal axes. The short CaCO 3 fibers possibly became aligned when the wet paint was dragged in the long direction and then tilted in the thickness direction as the film dried (Fig. 3) .
The results for the latex with kaolin particles in Figure 2d are more difficult to interpret since a large particle size and shape distribution was observed in the SEM images, and it was only possible to estimate the aspect ratio of the larger particles. Two scenarios are possible for the microstructure of these films. The first possibility is that the particles are primarily 3D randomised and the aspect ratio estimate is widely applicable to the distribution of particles. This theory holds since the curve for the 3D random particles fits through the data points for the films tested in the long and trans directions. An alternate possibility is that the aspect ratio estimate was too high and the platelet particles are actually 2D oriented within the long-trans plane of the film as a result of the preparation method. In theory, this would give a similar modulus (equal to E 22 ) in the long and trans directions and a low modulus in the thickness direction (E 11 ). Unfortunately, it was not practical to obtain modulus data in the thickness direction in order to clarify the microstructure of these films. 
Modulus Enhancement in the Glass-Transition Region
Under ambient conditions, the stress in latex paint films is highly rate dependent due to the close proximity of the glass transition temperature (10˚C). This is illustrated in Figure 4 with a step relaxation experiment at 20˚C on the non-pigmented latex. A sample was extended at 5mm/min to a strain of 0.02, and then held for 10min as the load was monitored. The curve shows a characteristic sharp rise in stress during the loading ramp, followed by a rapid decay over a decade interval of time. Parameters for a viscoelastic material model are given later in this section, and the continuous curve in Figure 4 illustrates the prediction for this particular strain history. Tensile data is also presented in Figure 5 for the latex films containing 25% TiO 2 by volume using different test speeds and temperatures. The trends are very similar for the other films [27] ; therefore, the curves are only given for one material. Small strains are of primary interest in this discussion of modulus enhancement and full stress-strain curves can be found in [6, 27] showing values up to 1.5 at low rates of deformation. At such high strains, the latex exhibits the characteristics of a hyperelastic material. Note that the only samples shown to failure here are the 50, 5, and 0.5mm/min tests at -10˚C in Figure 5a . A viscoelastic material model is presented for the stress-strain data using a neo-Hookean [32] hyperelastic function in combination with a Prony series for the strain range of 0 ≤ ε ≤ 0.02.
The method employed is similar to that used in [33] , where the Ogden model was combined with a Prony series to predict the tensile curves at large strains. For this particular model, the time-dependent true stress for an arbitrary loading history is given by the Leaderman form of the convolution integral [34, 35] :
where the instantaneous uni-axial stress-stretch relationship is given as:
for the neo-Hookean hyperelastic function. The stretch ratio, λ, is related to true strain by λ=exp(ε) and μ 0 is the initial shear modulus. The time dependent function g(t) is represented by the Prony series:
where g e and g i are the relative weights of the equilibrium and Maxwell elements respectively (g e =μ e /μ 0 , and g i =μ i /μ 0 ) and N is the number of elements in the series. Also note that The time-temperature superposition (TTS) principle was used [36, 37] to account for the effect of temperature on the relaxation spectrum. The relaxation times at a given temperature were calculated from the shift factor, a T , and the relaxation times, τ i ref
, at a selected reference temperature, T ref , according to
The g i terms and g e are not altered with temperature, only their corresponding relaxation times are modified according to Equation 14 . The shift factor, a T , values are shown as a function of temperature in Figure 6 for all samples. These were determined experimentally by shifting the plots of secant modulus versus initial strain rate (calculated as speed/gauge length) obtained at different temperatures, until a smooth master curve was created. It was found that the shift factors remained applicable at large deformations, and failure strain master-curves were also generated using the same a T values [6, 33] . Figure 7 shows an isometric plot of tensile data reduced to 20˚C for the non-pigmented latex using experiments similar to those highlighted in Figure 5 for 25% TiO 2 . The parallel curves indicate that stress is a separable function of strain and time, which justifies the use of a simplified material model applied in this study. The model does fail where an instability occurs at strains above ~0.025 at short times (noted by the region of overlapping curves). A thermodynamic-based material model, such as that described by Caruthers [38] , might capture this response. A numerical approximation method based on the finite time increment formulation of the convolution integral in Equation 11 was used [35] to derive an analytical expression for the stress at any time and corresponding strain. This allowed the model to be calibrated using the experimental data and the Solver optimization tool from Lumina Systems. The best-fit material parameters are shown in Table 2 for all films. Calculated values of RMSE (root mean squared error) are also given in Table 2 in order to compare the accuracy of fit for each set of data. The model fit can be seen in Figure 4 for the relaxation test on the non-pigmented latex, and in Figure 5a -e for stress-strain curves on the 25% TiO 2 material. The agreement is reasonable considering that the model has to fit data obtained over a very broad time scale and range of temperatures. Figure 5f shows the non-dimensional Prony series weights versus log(time) as a smooth bell-shaped curve. The results were obtained by initially constraining the Solver algorithm such that the g i terms would fit to a Gaussian distribution function. Table 2 . Prony series and neo-Hookean parameters for the viscoelastic material models.
The micromechanics theory for a composite with elastic phases remains applicable for a viscoelastic matrix by means of the correspondence principle. This rule states that the equations for the elastic solution are directly valid in the Carson (z-multiplied Laplace) transformed domain [39] . The calculations are performed as before; however, it becomes necessary to determine the inverse Laplace transform to obtain the time-domain solution. Wang and Weng [40] provide Mori-Tanaka solutions in the transformed domain to parallel the work with elastic composites. Clements and Mas [41, 42] have simplified this theory in order to obtain convenient solutions in the time-domain that are easily applied without the need for numerical approximation methods. The equations of Clements and Mas are briefly outlined below since their theory will be adapted to our work and compared with tensile data from the latex films.
Clements and Mas [41, 42] derived expressions for the bulk and shear moduli of viscoelastic composites with randomly oriented and aligned particles. They simplified the results of Wang and Weng [40] by noting that μ m (t)<<K m holds above the glass transition. The bulk modulus of the matrix was assumed to be rate independent since it varies much less with time than the other moduli. They expanded the composite stress relaxation functions as a Taylor series about μ m (t)/K m since this ratio is small for rubbery materials. This allowed for an analytical inverse Laplace transformation and the stress relaxation function of the composite was then derived as a time-domain Prony series. Their results for the bulk and shear moduli in the case of 3D random particle orientation are
The parameter μ m (t) is the time-dependent shear modulus of the matrix, which can be defined by a Prony series Table 2 . The time-dependent μ(t) curves are given versus log(time) for the various volume fractions of TiO 2 . Figure 8b shows the curves calculated using the constants in Table  2 for each TiO 2 volume fraction. Recall that these were the values that resulted from the best fit of the viscoelastic model to the experimental data. There are obvious differences in Figures  8a and 8b , with the latter showing a much stronger enhancement at long times in the rubbery region. In Figure 9 , the shear relaxation curves from the Clements-Mas theory (β=0.1, 3D random) are also given with those calculated using the parameters in Table 2 for films with kaolin. A comparison of the two graphs once again shows a stronger enhancement in the rubbery region than the micromechanics theory predicts. Curves for films containing TiO 2 and CaCO 3 are included in Figure 9b for comparison using the determined material parameters. It is interesting to note that the curves for 0.28 kaolin and 0.38 TiO 2 are very similar through the entire time-scale. Table 2 parameters for latex films containing TiO 2 . Table 2 parameters for latex films containing kaolin (CaCO 3 data also shown).
A similarly strong modulus enhancement for filled polymers, especially in the rubbery region, has also been reported by other researchers [43] [44] [45] [46] . There are several possible reasons for the discrepancy. One explanation is that the small size of the TiO 2 particles offers a large specific surface area (surface area/volume) with a significant fraction of the polymer forming a constrained glassy layer at the interface. Figure 10a compares the modulus enhancement in the rubbery region with the Leilens micromechanics predictions. The data points are also recalculated to include an effective volume fraction generated by a 52nm rigid (glassy) layer of polymer on the surface. This new data appears to match the model; however, DSC experiments did not show a T g increase with pigment content [6] . A more likely cause is the formation of an enhanced network within the matrix that results from the relatively small TiO 2 particle size and the high MW (~10 6 g/mol) of the copolymer. Hahn [47] reported radius of gyration, R g , values up to 96nm for a poly(nBMA) latex (MW=500,000g/mol) heated above its T g . To gain a sense of scale, consider the mean spacing, l, between spherical particles of diameter, D [48] :
Random close packing gives φ m = 0.64; therefore, a TiO 2 volume concentration of 0.25 with D=300nm results in a spacing of l = 110nm. At c f = 0.38, the spacing becomes l = 57nm. Bridging of molecules between adjacent TiO 2 particles becomes increasingly likely as the pigment volume fraction increases to moderate levels. This could lead to a highly enhanced modulus in the terminal region with minimal effect on the T g .
It is also possible that the inorganic particles form a percolation network [49, 50] . Figure 10b shows a semi-log plot of the experimental Young's modulus and theoretical equilibrium shear modulus (from the model parameters in Table 2 ) versus TiO 2 volume fraction. Potanin et al [50] provide general equations for aggregated dispersions. Assuming a network of random chains, their results provide a simplified proportionality between moduli values and particle concentration: Table 2 ). 
is plotted in Figure 11b together with the initial modulus enhancement for comparison purposes. It is apparent that the equilibrium enhancement is dramatically stronger than the initial one. For this reason, it is not possible for the micromechanics model to capture the behaviour in the rubbery regime where the equilibrium modulus dominates. 
Dynamic Mechanical Analysis
Dynamic testing was also performed on the TiO 2 pigmented paint films at an increased age of four years. These measurements were obtained using temperature sweeps from -30˚C to 100˚C with dynamic strain applied at a constant frequency of 1Hz. Humidity control was not provided by the instrument, and the moisture content in the samples was lower due to a laboratory RH of 30%. It is possible to compare several trends in these data with the previously described tensile results. Slight differences in the magnidudes and shapes of the curves are expected (in relation to the monotonic experiments) as a result of the increased age and lower moisture content. The results are, however, quite complementary.
The dynamic data are shown in Figure 12a -c for the storage modulus, loss modulus, and loss tangent respectively. Storage modulus curves highlight the transition from glassy to rubbery regimes as temperature is raised, and the overall increase in magnitude as more pigment is added. The elevated modulus in the terminal region is accompanied by an extension to longer times. This is attributed to the additional trapped entanglements caused by adhesion of the copolymer over the TiO 2 particle surfaces. Mortezai et al [51] observed a strong shift of the loss tangent peaks when a glassy layer was present on the filler particles in a polymer matrix.
In the current work, the loss tangent did not change with TiO 2 content for the latex paint films, which further invalidates the possibility of a glassy polymer layer in this study. The immobilised layer concept and its consequent influence on viscoelasticity of filled polymers has previously been disputed by Song et al. [46] and Robertson et al. [52] . It is also noted that the glass-transition temperature is frequently taken from the peak of the loss modulus for filled polymers [52] , and the values of 16˚C to 18˚C in Figure 12b are slightly higher than that measured by differential scanning calorimetry (DSC) for these films [6] . The loss tangent peak is commony much higher as described in [53] , and the values in Figure 12c are at ~40˚C. A higher T g is typical with DMA data, and DSC is known as the the more standard method for defining this parameter [53] . The complex modulus was also calculated from the storage and loss moduli. This was used to plot the modulus enhancement at 0.25 and 0.38 TiO 2 as a function of temperature in Figure  12d . The lowest enhancement occurs in the glassy region with values similar to those given in Figure 2b . The sharp increase above T g also confirms the strong enhancement in the rubbery region that was indicated previously in Figure 10a .
Conclusions
The effects of particle volume fraction and geometry were highlighted for the tensile behaviour of latex paint films as measured from monotonic tensile tests and DMA experiments. Young's modulus data in the glassy region showed good agreement with micromechanics theories, and the Lielens method was found especially accurate for films made with three different fillers. As expected, the lowest enhancement of Young's modulus was given by the TiO 2 particles since they were nearly spherical. Higher values were given by films with CaCO 3 when tested parallel to the casting direction; however, in the tranverse direction these films were similar to those containing TiO 2 . The strongest enhancement was observed with films containing kaolin that were tested along the casting direction.
Viscoelastic material models were fitted to tensile data in order to capture the response across the glass-transition region. The models fit well for low strains (0 < ε < 0.02) up to a relatively high volume fraction of 0.38 TiO 2 . Time-dependent shear modulus curves were plotted using the parameters determined from the viscoelastic model calibrations, and these were compared with the Clements-Mas equations for the Mori-Tanaka theory in the time-domain. In accordance with other published literature, the experimental results showed a much higher modulus in the rubbery region than predicted by the theoretical equations. This may have resulted from the small TiO 2 particle size and the formation of an enhanced network within the high MW copolymer matrix. In addition, a derived fractal dimension of d f ≈ 2.3-2.4 provided an indication that percolation may have contributed to the strong modulus enhancement.
